The DEAH/RNA helicase A (RHA) helicase family comprises proteins involved in splicing, ribosome biogenesis and transcription regulation. We report the structure of yeast Prp43p, a DEAH/RHA helicase remarkable in that it functions in both splicing and ribosome biogenesis. Prp43p displays a novel structural architecture with an unforeseen homology with the Ski2-like Hel308 DNA helicase. Together with the presence of a b-hairpin in the second RecA-like domain, Prp43p contains all the structural elements of a processive helicase. Moreover, our structure reveals that the C-terminal domain contains an oligonucleotide/oligosaccharide-binding (OB)-fold placed at the entrance of the putative nucleic acid cavity. Deletion or mutations of this domain decrease the affinity of Prp43p for RNA and severely reduce Prp43p ATPase activity in the presence of RNA. We also show that this domain constitutes the binding site for the G-patch-containing domain of Pfa1p. We propose that the C-terminal domain, specific to DEAH/RHA helicases, is a central player in the regulation of helicase activity by binding both RNA and G-patch domain proteins.
Introduction
RNA helicases intervene in all aspects of RNA metabolism, including transcription, pre-mRNA splicing, mRNA export, ribosome biogenesis, translation and RNA degradation (Tanner and Linder, 2001; Jankowsky and Fairman, 2007) . These enzymes catalyse RNA conformational rearrangements, such as strand separation, secondary-structure melting and RNA-protein dissociation, using ATP hydrolysis (Bleichert and Baserga, 2007) . They are found in all organisms, from bacteria and viruses to humans. The superfamily 2 (SF2) DExD/H-box proteins share a helicase core consisting of two tandemly repeated RecA-like domains containing eight conserved motifs (Jankowsky and Fairman, 2007; Pyle, 2008) and are often associated with a wide variety of domains (Caruthers and McKay, 2002) . The structures of multidomain DExD/H-box proteins show that the accessory domains act in synergy with the two RecA-like domains, for example by participating in RNA binding or protein-protein interactions, to modulate the function of the helicase. Helicases have been classified according to the identity of the catalytic residues in motif II (DEAD, DExH and DEAH-box helicases) and to their domain architecture (Jankowsky and Fairman, 2007) .
The DEAH/RNA helicase A (RHA) is a large RNA helicase family (Sanjuan and Marin, 2001 ) characterized by two conserved C-terminal domains following the helicase core, identified by sequence homology: a 'helicase-associated domain' HA2, belonging to the Pfam PF04408 superfamily and a domain of unknown function (DUF1605) identified as belonging to the Pfam PF07717 superfamily. The Pfam PF07717 domain is almost always found at the C-terminus of DEAH/RHA proteins and apparently always in association with the HA2 domain. Although these domains are essential in vivo (Edwalds-Gilbert et al, 2004; Koo et al, 2004) , neither of them has yet been functionally and structurally characterized. This domain architecture is unique to the DEAH/RHA helicases and distinct from the viral DEAH helicases, which form a separate family.
In yeast Saccharomyces cerevisiae, the DEAH/RHA family comprises six essential putative RNA-dependent ATPases with clear homologues in humans: the pre-mRNA splicing factors Prp2p, Prp16p and Prp22p (DHX16, DHX38 and DHX8 in humans) , the ribosome biogenesis factors Dhr1p and Dhr2p (DHX37 and DHX32) and the remarkable bifunctional factor Prp43p (DHX15) involved in both those processes. A seventh nonessential yeast DEAH-box protein YLR419w (Shiratori et al, 1999; Sanjuan and Marin, 2001 ) is homologous to human helicases belonging to the RHA subfamily, comprising several DEAH-box proteins (DHX9, DHX29, DHX57, DHX36 and DHX30) associated with transcription regulation, cell-cycle regulation and cancer (Erkizan et al, 2009) . The bacterial HrpA and HrpB helicases found in many Proteobacteria, which are thought to be involved in mRNA processing (Koo et al, 2004) , are the only prokaryotic DEAH/ RHA helicases.
The precise function of DEAH/RHA helicases in these processes remains mostly elusive. In splicing and ribosome biogenesis, these helicases act in the context of large ribonucleoprotein complexes. DEAH/RHA helicases are thought to function in remodelling the structure and/or composition of these complexes by locally melting RNA double helical strands (Schwer, 2001) . For example, Prp16p induces a conformational rearrangement in the spliceosome after the first transesterification step (Mefford and Staley, 2009) , Prp22p is proposed to remove mRNA from the spliceosome by translocating along the mRNA and disrupting the U5 snRNP-mRNA contact (Schwer, 2008) , and Prp43p is necessary for removal of the lariat intron from the spliceosome (Arenas and Abelson, 1997; Martin et al, 2002; Tsai et al, 2005) and production of both large and small ribosomal subunits (Lebaron et al, 2005; Combs et al, 2006; Leeds et al, 2006) . The function of Prp43p and Prp2p is modulated by proteins containing a G-patch domain, a domain mostly identified in RNA-associated proteins and called after its characteristic glycine-rich sequence signature (Aravind and Koonin, 1999) . Prp2p interaction with G-patch protein Spp2p is required for association with the spliceosome . Three G-patch proteins, Ntr1p, Gno1p and Pfa1p, interact with Prp43p. Ntr1p is involved in splicing, where it is required for Prp43p association with the spliceosome and release of the lariat intron in vitro (Tsai et al, 2005 (Tsai et al, , 2007 Boon et al, 2006; Tanaka et al, 2007) , whereas Gno1p and Pfa1p are implicated in ribosome biogenesis (Guglielmi and Werner, 2002; Lebaron et al, 2005) . Pfa1p directly binds to Prp43p and activates its ATPase and helicase activities in vitro. Activation of Prp43p by Pfa1p is probably required for efficient 20S pre-rRNA to 18S rRNA conversion (Lebaron et al, 2005 (Lebaron et al, , 2009 Pertschy et al, 2009) .
Here, we report the first crystal structure of a DEAH/RHA helicase: the full-length yeast Prp43p in complex with ADP/ Mg 2 þ at 1.9 Å resolution. The structure of Prp43p reveals an unexpected structural homology with the Ski2-like DNA helicase Hel308 (Buttner et al, 2007) . Moreover, we uncover a DEAH/RHA-specific C-terminal domain containing an oligonucleotide/oligosaccharide-binding (OB)-fold and a Prp43p-specific domain at the N-terminus. The ADP is in a binding conformation characteristic of DEAH-box helicases (Luo et al, 2008) , and very different from what was usually observed for the DEAD-box proteins (Cordin et al, 2006; Sengoku et al, 2006) . We further show that the C-terminal domain of Prp43p containing the OB-fold is required for full ATPase activity and RNA binding of Prp43p. Finally, we show that this domain of Prp43p is also involved in binding to the G-patch domain of Pfa1p and mediates Prp43p activation by its protein partner. Therefore, altogether these results provide a structural model for all the DEAH/RHA helicases and significant advances in understanding their mode of interaction with both RNA and G-patch proteins.
Results

Prp43p is homologous to Ski2-like DNA helicase Hel308
The yeast Prp43p protein was purified as described in the Materials and methods section and crystallized in the presence of ADP and magnesium. The structure of Prp43p was solved at 1.9 Å resolution by single anomalous diffraction (SAD) on selenomethionine-substituted protein (see Table I for data collection and refinement statistics). The final model contains residues 3 to 749, one ADP molecule and one magnesium atom ( Figure 1B ). The two molecules per asymmetric unit have essentially the same conformation, with a root mean square deviation (r.m.s.d.) of 0.5 Å for all corresponding Ca atoms.
The protein can be divided into six domains, which make a claw-like structure. The N-terminal domain (green in Figure 1 ) is a Prp43p-specific domain, whereas the C-terminal domain is common to all DEAH/RHA helicases (red in Figure 1 ). The N-terminal extension of Prp43p (green in Figure 1 ) contains three a helices: a helix aN1 packs between the domains 4 and 5, whereas a helices aN2, aN3 interact with the domain 2. These helices are separated by an ordered 20-residue linker, which braces the helicase ring structure. The helices therefore interact with distinct functional domains on opposite sides of the helicase. Domains 2 and 3 correspond to the two RecA-like domains ubiquitous to helicase structures, involved in ATP binding, hydrolysis and nucleic acid binding (hereafter referred to as RecA1 and RecA2, respectively, cyan and dark blue in Figure 1 ). The structure of these domains is structurally most homologous to the viral NS3 DEAH helicases (r.m.s.d. 3.3 Å , PDB 2JLW; Luo et al, 2008) . Notably, the RecA2 domain also contains an antiparallel b-hairpin (light blue in Figure 1B ) protruding from the domain between motifs V and VI. This b-hairpin element, which is not found in DEAD-box proteins, seems therefore to be a conserved feature of the DExH-box helicases.
Strikingly, domains 4 and 5 are homologous to the corresponding domains of Hel308 Ski2-like family helicase involved in DNA repair (r.m.s.d. 3.1 Å , PDB 2P6R; Buttner et al, 2007; Supplementary Figure S1 ). Domain 4 is a winged helix (WH)-fold (orange in Figure 1 ) that packs against the RecA1 domain. Domain 5, a seven-helix bundle that binds across the two RecA-like domains, has been described as the 'ratchet' domain (yellow in Figure 1 ; Buttner et al, 2007) . The WH and ratchet domains of Prp43p are annotated in domain databases as the 'helicase-associated domain' HA2, which is present in all DEAH/RHA protein sequences ( Figure 1A ). The structure of Prp43p therefore reveals an unforeseen structural homology of the HA2 domain with the characteristic WH and ratchet domains of the Ski2-like family helicases. This result confirms that Prp43p, and therefore all the DEAH/RHA helicases, have a distinct C-terminal domain structure compared with viral DEAH helicases.
The Prp43p helicase core binds ATP in a DEAH-specific mode The ADP molecule bound to Prp43p is sandwiched between the RecA1 and RecA2 domains, interacting with the conserved motifs I, II, V and VI already known to be required for ATP binding and hydrolysis (Cordin et al, 2006; Pyle, 2008) , but also with unexpected additional residues between motifs Ia and Ib and between motifs IV and V (Figures 1B and 2A) . As in all helicase structures solved to date, the P-loop (motif I) of Prp43p binds the phosphate moiety of the ADP molecule and the a and b phosphates are therefore superposable with other bound nucleotides in helicase structures ( Figure 2A ). The binding mode of the base/ribose moieties of the ADP strongly differs from that reported so far in DEAD-box and Ski2-like helicase structures but is more similar to NS3 viral helicase bound nucleotides (Figure 2A and B) . In comparison to the Prp43p conformation, the ADP a angle (O3a-Pa-O5 0 -C5 0 ) is rotated by about 1501 in the DEAD-box protein Vasa (Sengoku et al, 2006) and in the Hel308 homologue Hjm (PDB 2ZJ5; Oyama et al, 2009; Figure 2B) . As a result, in Prp43p, the adenine ring is sandwiched between the two RecA-like domains instead of being buried inside the RecA1 domain. The adenine base is stacked between the F357 phenyl ring (RecA2) and the R159 side chain (RecA1) (Figure 2A ). In the viral NS3 DEAH helicases, the adenine base of the bound ADP is totally exposed to solvent without any stacking interactions (Wu et al, 2005; Luo et al, 2008) . Moreover, in the Prp43p conformation, the 2 0 and 3 0 hydroxyl groups of the ribose moiety make H-bonds with the carboxyl group of D386 (motif V) and the amino group of R430 (motif VI), respectively ( Figure 2A ). In the viral NS3 DEAH helicases, the 3 0 OH group of the ribose interacts with the main chain of the arginine of motif VI (Luo et al, 2008) , whereas in the DEAD-box helicases, the 3 0 OH group of the ribose is hydrogen bonded with the aspartate of motif V and residues from motif VI only interact with the phosphate moiety (Sengoku et al, 2006) . It should be noted that the interaction of the nucleotides with the different motifs are generally influenced by binding with nucleic acids, as in the RNA bound and RNA-free structures of the related viral NS3 DEAH helicases (Luo et al, 2008) , and that the observed interactions in Prp43p could therefore change upon RNA binding. An additional difference between DEAD and DEAH-box helicases is the absence of the DEAD-box-specific Q-motif upstream of motif I in DEAH-box helicases (Tanner et al, 2003) . This motif is characterized by a conserved glutamine, which hydrogen bonds to the N6 and N7 positions of the adenine base (Sengoku et al, 2006; Oyama et al, 2009 ; Figure 2B ), thereby providing ATP-binding specificity. The nonspecific recognition of the base could explain why Prp43p and viral NS3 DEAH helicases are NTPases (Warrener et al, 1993; Tanaka and Schwer, 2006) rather than strict ATPases-like DEAD-box proteins (Cordin et al, 2006) . Therefore, this novel ATP-binding mode observed in the structure of the Prp43p/ADP complex seems to be a specific feature of the viral DEAH and DEAH/RHA helicase families.
Prp43p contains all the elements of a processive helicase
The structure of Hel308 in complex with DNA provided a structural model for the processive helicase activity of Hel308 in which the WH and ratchet domains had a central function (Buttner et al, 2007) . The structural homology of Prp43p with Hel308 provides a template to model the interaction of Prp43p with nucleic acids and determine whether both proteins function by the same mechanism. Figure 3B presents a model of a Prp43p/DNA complex modelled against the Hel308/DNA complex (PDB 2P6R; Buttner et al, 2007 ; Figure 3A ) by simple superposition of the proteins. This model shows that Prp43p contains a similar single-stranded nucleic acid-binding cavity, formed by the 2 RecA-like, the ratchet and the WH domains. The 2 RecA-like domains bind this nucleic acid strand through the phosphate backbone. The RecA1 domain binds to the 3 0 end of the modelled ssDNA and RecA2 interacts with the 5 0 end. In an indirect validation of this model, an acetate molecule from the crystallization buffer is found bound to the RecA2 domain in a position occupied by one of the phosphates of the modelled nucleic acid (not shown). The T376V mutation in motif V, which is in close proximity to this acetate molecule and conserved in Hel308 structure where it binds DNA, is lethal in vivo and displays low helicase activity in vitro (Tanaka and Schwer, 2006) . R150 from motif Ia of the RecA1 domain also probably contributes to nucleic acid recognition based on this model. Interestingly, the R150A mutant displays a cold-sensitive phenotype in vivo (Tanaka and Schwer, 2006) .
A unique structural trait of Hel308 is the long 'ratchet' helix, which binds across the entire length of the single strand in the nucleic acid-binding cavity. The stacking of R592 and W599 from this helix on the DNA bases is proposed to act as hooks on the nucleic acid strand, which would allow the Hel308 enzyme to processively translocate along the single strand to unwind the DNA duplex (Buttner et al, 2007) . Prp43p contains a similar ratchet helix with R611 and R625 side chains protruding from the underside of this helix (not shown). Although the positions of these residues along the ratchet helix are different compared with Hel308, they probably make stacking interactions with the base moieties of the bound nucleic acid. Therefore, the corresponding ratchet helix might be used in an analogous manner in Prp43p helicase activity. The Prp43p RecA2 domain possesses an antiparallel bhairpin (light blue in Figures 1B, 3B and D) protruding at the entrance of the nucleic acid-binding cavity, the second hallmark of processive helicases, as revealed by Hel308 (Buttner et al, 2007 ; light blue in Figure 3A ). This b-hairpin element, also found in viral NS3 DEAH helicases, is proposed to act as a physical barrier promoting nucleic acid strand separation in unwinding activity, although this function has not yet been addressed experimentally (Kim et al, 1998; Buttner et al, 2007; Luo et al, 2008) . The Prp43p b-hairpin is notably longer than the corresponding loop in Hel308, but most similar to the DENV NS3h b-hairpin.
The relative orientation of the 2 RecA-like, WH and ratchet domains is significantly different in Prp43p and Hel308 ( Figure 3A and B). As major conformational changes are thought to occur during the helicase ATP cycle (Luo et al, 2008) , it is tempting to speculate that the Hel308 and Prp43p structures selected different representative conformations of the helicase during its catalytic cycle. Observing different conformational states of a helicase is inherently difficult because of the effect of crystal packing, which selects certain conformations compatible with crystal growth, providing only a snapshot of the conformation space sampled by the helicase that might not be biologically relevant. Moreover, in the absence of the nucleic acid substrate, helicases are thought to be more flexible and therefore more prone to be influenced by crystal lattice interactions. However, as all Hel308 homologues in the presence or absence of nucleic acid or different nucleotides crystallize in the same conformation (Buttner et al, 2007; Oyama et al, 2009) , no information on the other conformational states sampled by this helicase is available. The conformation of Prp43p provides us with a possible model, which could give insight into the dynamic changes during the catalytic cycle of this helicase superfamily. Indeed, Prp43p would have to undergo substantial conformational rearrangements of each of the domains to adopt the Hel308 conformation ( Figure 3E and F). Although no experimental evidence exists to support such a conformational change, the concerted movement of the 2 RecA-like and ratchet domains resembles that of a 'can opener' and provides an appealing model for strand separation activity: the ratchet domain seems to pull the threaded RNA strand inside the cavity, whereas the b-hairpin slices through the RNA double helix (Figure 3E and F) . This model will need to be addressed experimentally by solving structures in different conformational states or other methods probing protein dynamics. 
The C-terminal OB-fold domain of Prp43p defines a new helicase subfamily
In Hel308, a a-helical C-terminal domain following the ratchet domain binds the single-stranded DNA at the exit of the helicase tunnel (Buttner et al, 2007) . Prp43p and all the putative eukaryotic DEAH/RHA helicases also contain a characteristic C-terminal domain of unknown function (DUF1605/Pfam PF07717; Figure 1A ). Our structure reveals that part of this domain contains a five-stranded b-barrel topology with strand order b1b2b3b5b4 (red in Figures 1B,  3B and D) . Structural alignments performed with EBI SSM (Krissinel and Henrick, 2004) clearly classify it as an OB-fold (Murzin, 1993) , with no structural homology to the Hel308 Cterminal domain. The Prp43p OB-fold domain (red in Figure 1B ) is linked to the ratchet domain by an a helix (aC1), which extensively packs with the ratchet domain. Two helices (aC2 and aC3) follow the OB-fold, aC2 stacks on the aC1 helix, whereas aC3 stacks on both the aC2 helix and on the b1 and b2 strands of the OB-fold. The OB-fold is fixed on one side by stacking of the b4 and b5 strands and the b3-b4 loop on helix aC1, on the ratchet domain and to a lesser extent on helix aC2. On the other side, the strand b1, the C-terminus of strand b4 and the b1-b2, b2-b3 and b4-b5 loops stack with the helix aC3, the b-hairpin of the RecA2 domain and to a lesser extent with the WH domain. This places the OB-fold domain on the opposite side of the helicase compared with the Hel308 C-terminal domain ( Figure 3A and B) .
The DUF1605/Pfam PF07717 domain ( Figure 1A ) is therefore structurally assignable to an OB-fold domain preceded and followed by one and two a helices, respectively. Sequence alignments suggest that all DEAH/RHA helicases contain the same structural elements in this domain, with the exception of helix aC3, which is less conserved. OB-folds are found in proteins involved in a wide variety of functions, generally associated with nucleic acid binding, although it has also been found to be involved in protein-protein interactions (Arcus, 2002) . As all the DEAH/RHA helicases share the same domain organization, where this domain is always associated with the HA2 domain (WH and ratchet), the structure of Prp43p can therefore be used as a model to study the function of this domain in DEAH/RHA helicase function.
The C-terminal domain of Prp43p contributes to RNA-stimulated ATPase activity and increases its affinity for RNA Whereas the C-terminal domain of Hel308 acts as a molecular 'brake' for helicase activity (Richards et al, 2008) , the OBfold-containing domain of Prp43p has been shown to be essential for activity in vivo. Several amino-acid substitutions and truncations within Prp43p lead to phenotypes ranging from temperature sensitivity to lethality (Martin et al, 2002; Tanaka and Schwer, 2006) , showing a prominent function for the OB-fold-containing domain in Prp43p function. The effect on the biochemical activity of Prp43p has not been precisely investigated.
In the Prp43p/DNA model, the OB-fold is located at the entrance of the nucleic acid-binding tunnel and interacts with the b-hairpin (Figure 3B and D) . Although OB-folds from different proteins share little sequence homology, they are generally associated with nucleic acid-binding activity and use a common theme for nucleic acid recognition. The nucleic acid-binding surface is generally located on the groove formed by the b2-b3 strands, and the b1-b2, b3-b4 and b4-b5 loops (Arcus, 2002; Theobald et al, 2003) . In Prp43p, this groove is solvent exposed and conveniently placed at the entrance of the nucleic acid cleft, and the electrostatic potential mapped on the surface of the protein ( Figure 3C ) shows that this surface is positively charged. The OB-folds also generally bind nucleic acids in a defined polarity. In the context of a nucleic acid that binds Prp43p in the same manner as the DENV NS3h and Hel308 proteins, the Prp43p OB-fold would be in a perfect orientation to interact with the RNA substrate entering the cavity.
To directly test the importance of the C-terminal domain of Prp43p for binding RNA, we expressed and purified a truncated version of Prp43p, Prp43p(1-657), lacking the C-terminus up to the aC1 helix ( Figure 4A ), and used it in band retardation assays ( Figure 4B ). We also performed ATPase assays in the absence or presence of RNA with this truncated protein ( Figure 5A and B). ATP hydrolysis time courses reveal that the basal ATPase activity of Prp43p(1-657) in the absence of RNA is identical to that of wild-type Prp43p ( Figure 5A ). In contrast, the initial ATP hydrolysis rate of Prp43p(1-657) in the presence of total yeast RNA is about 20-fold lower than that of wild-type Prp43p ( Figure 5B ). This decrease in RNA-stimulated ATP hydrolysis rate is consistent with a 200-fold decrease in the affinity for the 5 0 half of snR5 snoRNA ( Figure 4B ). The decrease in RNA-stimulated ATPase activity and affinity for RNA is unlikely the result of an overall unfolding of the truncated protein for the following reasons: (1) Prp43p(1-657) is efficiently produced in a soluble form in Escherichia coli, (2) the basal unstimulated ATPase activity of Prp43p(1-657) is similar to that of the wild-type protein and (3) it retains the ability to bind RNA, albeit much more weakly than wild type. The residual binding of Prp43p(1-657) to RNA could be anticipated, as the RecA helicase core generally represents the minimum RNAbinding module for helicases. These data show that the C-terminal domain of Prp43p is not absolutely required for its interaction with RNA, but strongly increases its affinity for RNA and consistently, its RNA-stimulated ATPase activity.
The OB-fold of Prp43p C-terminal domain is a RNA-binding module important for RNA-stimulated ATPase activity
As the C-terminal domain contains an OB-fold module often associated with nucleic acid binding, we constructed more subtle mutations and truncations within the OB-fold to determine whether the generic nucleic acid-binding surface, located at the entrance of the helicase cavity in the Prp43p structure, is implicated in RNA binding. We chose to mutate the b1-b2 and b4-b5 loops in the OB-fold, as these loops generally constitute the major determinants in nucleic acid recognition and contain positively charged residues exposed to solvent in the Prp43p structure (Arcus, 2002; Theobald et al, 2003) . Two mutants of the b1-b2 loop were chosen as either a single mutation of R664 into A (R664A) or a more drastic combination of K663 to A, R664 to G substitutions and deletion of amino acids 665-668 (Prp43pDL12). Two similar mutants of the b4-b5 loop, the single mutation of K704 to A (K704A) and the combined T702 to G, S703 to G substitutions and deletion of K704 (Prp43pDL45) were constructed ( Figure 3D ). The R708 to A mutation (R708A) was also considered because this residue (on b5) is not at the surface of the protein but instead buried inside the putative Prp43p nucleic acid-binding cavity. In our model, this residue contacts the single-stranded RNA inside the cavity ( Figure 3D ). All mutants were purified from E. coli ( Figure 4A ) and tested in band retardation ( Figure 4B ) and ATPase assays ( Figure 5B ). Circular dichroism analyses show that all these Prp43p variants are properly folded (data not shown). Moreover, in the absence of RNA, all these variants exhibited a basal ATPase activity similar to that of wild-type Prp43p (data not shown).
To assess the effect of the mutations on RNA binding, band retardation analyses were carried out with all the mutants using an snR5 RNA template ( Figure 4B and data not shown). As could be expected, mutation of R708 that is not surface exposed, as well as single mutations in the b1-b2 and b4-b5 loops did not display any significant decrease in RNA-binding affinity (data not shown). In our experimental conditions, only Prp43pDL12 displayed a modest but reproducible 2.5-fold decrease in RNA-binding affinity ( Figure 4B ). More interestingly, in the presence of RNA, all the Prp43p variants displayed reduced ATPase activity compared with wild type ( Figure 5B ). The most severely affected variants were the Prp43pDL12 and Prp43pDL45 mutants in which the b1-b2 and b4-b5 loops are removed, and single mutations in these loops (R664A and K704A) had a smaller but measurable effect on activity. Prp43pDL45 displayed an ATPase activity close to that of Prp43p(1-657).
Interestingly, the R708A mutation, which is not surface exposed, was also severely impaired in RNA-stimulated ATPase activity. Therefore, the effect on ATPase activity arises not only from the putative recruitment of the RNA to the helicase through the generic OB-fold-binding surface, but probably also from an active participation of the OB-fold module in the ATPase cycle of the helicase. However, although in our model, R708A and the b4-b5 loop evidently contact the RNA threaded in the helicase cavity, the b1-b2 loop is located at 15 Å away from the nucleic acid backbone ( Figure 3D ). These data show that RNA binding by a loop of the OB-fold distant from the helicase RNA-binding cavity is important for the RNA-stimulated ATPase activity. It is therefore possible that interaction with the OB-fold provides selectivity towards certain RNA structural features, which are not visible using our model substrate and that the Prp43p variants display a more pronounced reduction of binding to potential high affinity/specificity RNA targets present in the total yeast RNA sample used in ATPase assays. The precise in vivo RNA substrates of Prp43p will need to be identified to further investigate the interplay between RNA binding and ATPase activity.
The C-terminal domain of Prp43p is involved in binding the G-patch protein Pfa1p
In yeast Prp2p, deletion of the C-terminal 42 amino acids, which removes the aC2 and aC3 C-terminal helices and two strands of the OB-fold domain, results in a protein that can no longer interact with the spliceosome in vitro or function in vivo (Edwalds-Gilbert et al, 2004) . Moreover, the altered proteins Prp2p-D845N/C846Y (OB-fold b5) or Prp2p-W854A/ L855A (aC2 helix) are no longer able to bind to the G-patch protein GST-Spp2p, indicating that the C-terminal domain is implicated in binding .
As the C-terminal domain containing the OB-fold is specific to DEAH/RHA helicases and given that interaction with G-patch proteins seems to be a conserved feature of these enzymes, we reasoned that the C-terminal domain might contain the binding site for the G-patch. To test this hypothesis, we performed protein pull-down assays using wild type or truncated versions of Prp43p and Pfa1p (Figure 6 ). We have shown earlier that the N-terminal (Pfa1p(1-202) ) and the G-patch-containing C-terminal (Pfa1p(574-767)) domains of Pfa1p can independently directly bind to Prp43p (Lebaron et al, 2009) . Here, we show that, although the N-terminal domain of Pfa1p is still able to interact with Prp43p(1-657) (Figure 6, lane 11) , the G-patch-containing C-terminal domain of Pfa1p is unable to do so (Figure 6, lanes 13 and 14) . These results further confirm that Prp43p(1-657) is properly folded, as it can interact efficiently with Pfa1p(1-202). More importantly, they show that the G-patch-containing C-terminal domain of Pfa1p binds to the C-terminal domain of Prp43p.
We have shown earlier that Pfa1p activates the ATPase and helicase activities of Prp43p both in the absence and presence of RNA through its C-terminal G-patch-containing domain (Lebaron et al, 2009 ). From the above results, we would predict that the basal ATPase activity of Prp43p(1-657) observed in the absence of RNA should not be stimulated by Pfa1p, as the G-patch-containing domain of Pfa1p cannot interact with Prp43p(1-657). Indeed, although the ATPase activity of full-length Prp43p in the absence of RNA is stimulated B10-fold by Pfa1p, the ATPase activity of Prp43p(1-657) is not stimulated ( Figure 5C ). Altogether, these results show that removal of the C-terminal domain of Prp43p renders it unresponsive to stimulation by Pfa1p, because this truncated Prp43p can no longer interact with the G-patch-containing domain of Pfa1p.
Discussion
The structure of Prp43p reveals a novel domain architecture that makes it the founding structure of the DEAH/RHA helicase family. These proteins group three modules that have never been associated before: a DEAH/RHA helicase core similar to viral DEAH helicases, a WH and ratchet domain with similarity to Ski2-like Hel308 helicase and an OB-fold domain. The structure of Prp43p also reveals the folding of the Prp43p-specific N-terminal domain before the helicase core. DEAH/RHA helicases differ in their N-terminal extensions, ranging from 100 residues (Prp43p/Prp2p) to 4500 residues (Prp16p/Prp22p). Sequence alignments (not shown) suggest that the Prp43p-specific N-terminal extension including the aN1 and aN2 helices are poorly conserved in yeast genomes and are probably altogether absent in higher eukaryotes, whereas aN3 is probably present in Prp43p orthologues of other organisms. This is corroborated by the fact that the deletion of the first 90 residues of Prp43p does not impair cell growth, indicating that the aN1, aN2 and aN3 helices, which are removed in this mutant, are dispensable for optimal in vivo activity (Martin et al, 2002) . Further deletion to residue 104 leads to a lethal phenotype (Martin et al, 2002) . Our structure reveals that this truncation removes half of the first helix of the RecA1 domain, and therefore probably destabilizes the protein.
The finding of the Hel308 scaffold within the structure of Prp43p has important implications for the mechanism of action of all the DEAH/RHA helicases. The presence of the single-stranded nucleic acid-binding cavity, a ratchet helix in the ratchet domain and a b-hairpin in RecA2 strongly suggest that DEAH/RHA helicases function in the same manner as Hel308. This mechanism involves threading a single strand inside the cavity, translocating along this strand in a 3 0 to 5 0 direction and unwinding the double helix by separating the two strands on the b-hairpin physical barrier. This is consistent with the function of Prp22p, which is proposed to remove the mRNA from the spliceosome by translocating along the mRNA and therefore disrupting mRNA-U5 snRNP interaction (Schwer, 2008) . Prp43p might function in an analogous manner by translocation along the lariat intron to strip-associated proteins and/or RNA. In ribosome 
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Figure 5 Analysis of the ATPase activity of Prp43p variants. ATP hydrolysis time courses were performed with the indicated proteins either in the absence of RNA (A), in the presence of RNA (B) or in the absence of RNA and presence of Pfa1p (C). Wild-type or Prp43p variants at 100 nM were incubated for the indicated times with cold ATP at 100 mM, mixed with a-32 P-ATP tracer. In addition, total yeast RNA was added at 150 mM in (B) and Pfa1p at 500 nM in (C). Aliquots of reaction mixes were then subjected to thin layer chromatography. ATP and ADP were quantified by phosphorimager to derive ADP concentrations. The abbreviations 664, 704, 708, DL12, DL45 and 1-657 refer to Prp43pR664A-His, Prp43pK704A-His, Prp43pR708A-His, Prp43pDL12-His, Prp43pDL45-His and Prp43p(1-657)-His, respectively. biogenesis, Prp43p is suggested to restructure the rRNA around helix 44 and/or 45 to allow Nob1p access to the D cleavage site (Pertschy et al, 2009) . Surprisingly, Prp43p has a rather poor helicase activity and preferentially unwinds 5 0 -3 0 in vitro with the tested model substrates (Tanaka and Schwer, 2006) . However, addition of either Pfa1p (Lebaron et al, 2009) or Ntr1p (Tanaka et al, 2007) boosts Prp43p activity and allows it to unwind both 5 0 -3 0 and 3 0 -5 0 model substrates. How Prp43p protein cofactors influence Prp43p helicase activity and processivity remains to be uncovered and will provide additional clues to the regulation and function of these proteins in splicing and ribosome biogenesis.
Recent reports have revealed the presence of the WH and ratchet domains in the Sec63 domains of Brr2, a Ski2-like helicase required for spliceosome activation and disassembly (Pena et al, 2009; Zhang et al, 2009 ). The Sec63 domains had a poor sequence similarity with the corresponding domains of Hel308 and Prp43p. It therefore seems that the Hel308 domain organization is a common architecture used by both Ski2-like and DEAH/RHA families. The common 'Hel308 scaffold' is supplemented by a C-terminal domain, which has a different structure and position in Hel308, Brr2 and Prp43p, and could contribute to modulate the helicase activity in the different families. Prp43p is the first example of a SF2 helicase containing an OB-fold domain, but OB-fold domains have been found associated with helicase domains from other superfamilies (Enemark and Joshua-Tor, 2008) . The N-terminal domain of two archaeal orthologues of the MCM protein, a SF3 helicase, contains an OB-fold domain, which is crucial for hexamerization of the protein and is proposed to have a function in interacting with extruded single-stranded DNA (Fletcher et al, 2003; Liu et al, 2008) . The hexameric RuvBL1, a SF6 helicase, also possesses an OBfold at its N-terminus, which may have a similar function in binding ssDNA, but it is not implicated in oligomerization (Matias et al, 2006) . The structural context of the OB-fold in the monomeric Prp43p protein is therefore unique to the DEAH/RHA family.
The structure of Prp43p shows that the OB-fold domain is positioned at the entrance of the RNA-binding cavity, and we show that the OB-fold-containing C-terminal domain of Prp43p has an important function in RNA binding and consistently, in efficient RNA-stimulated ATPase activity. This is in stark contrast to Hel308, which has a higher helicase activity when the 'autoinhibitory' C-terminal domain is removed (Richards et al, 2008) . DEAH/RHA helicases often act in the context of large ribonucleoprotein complexes. Prp22p was found to bind a region of the RNA different to the region on which it translocates, suggesting that Prp22p contains two RNA-binding sites (Schwer, 2008) . It is therefore possible that the OB-fold-containing domain provides a specific docking module, binding a different RNA to the RNA strand being loaded in the helicase active site. We have shown that the OB-fold-containing domain also constitutes the binding site for the regulatory G-patch-containing protein Pfa1p and is required for Prp43p activation by Pfa1p. It should be noted that Pfa1p (Lebaron et al, 2009) , and possibly other regulatory proteins, also contain their own RNA-binding domain and might therefore direct the helicases to specific target RNA. DEAH/RHA helicases involved in splicing are usually stably bound to the spliceosome complex until their activity is triggered by an unknown mechanism (Schwer, 2008) . We propose that the conserved C-terminal domain of DEAH/RHA helicases serves as a hub providing a link between RNA binding, G-patch protein interaction and helicase activity. The precise mechanisms by which this regulation is achieved will now need to be addressed, as understanding of how these proteins regulate DEAH/RHA helicases is important for human health, especially in light of the finding that the G-patch2 protein, recently shown to regulate human Prp43 function, is overexpressed in breast carcinogenesis (Lin et al, 2009 ). 
Materials and methods
Cloning, expression and purification
The transformed E. coli strain SE1 with plasmid pSL18 (Lebaron et al, 2009 ) was used to produce recombinant Prp43p-6His. Expression cells were grown at 371C in 2Â YT medium (MP Biomedicals) supplemented with ampicillin at 50 mg/ml until an OD600 nm of 0.8. Prp43p protein expression was then induced with 0.5 mM isopropyl b-D-thiogalactopyranoside and the cell culture was further incubated at 151C overnight. Cells were harvested by centrifugation, resuspended in a 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM b-mercaptoethanol buffer and stored at À201C. Cell lysis was completed by sonication, and the cell extract was centrifuged at 20 000 g for 30 min at 41C. The Prp43p His-tagged protein from the soluble fraction was purified on a HisTrapTM FF column (Amersham Biosciences) eluted with a linear imidazole gradient, followed by a gel filtration step on a SuperdexTM200 column (Amersham Biosciences). Selenomethionine-substituted protein was produced as described in Leulliot et al (2008) and purified as the native protein. Both protein samples were stored in 20 mM Tris-HCl pH 7.5, 200 mM NaCl, 10 mM b-mercaptoethanol at 41C.
A fragment of the PRP43 open reading frame lacking the sequence encoding amino acids 658-767, followed by the sequence encoding 6-histidines and a stop codon and containing the XbaI and XhoI restriction enzyme sites, was amplified using plasmid pSL18 (Lebaron et al, 2009 ) and oligonucleotides 5 0 Prp43-DC658 (5 0 AGCAAAGTTACCCAGAAATTTTACGTTCCAATTTATCCTCCACCG3 0 ) and 3 0 Prp43-DC658 (5 0 CCCCCCTCGAGTCAGTGGTGGTGGTGGTGG TGGAAAAACCCAGACGCAAGAGCCTTTCTGATGTTGTCAAAGTATT TAGG3 0 ). This PCR fragment was cut with XbaI and XhoI and used to replace the XbaI-XhoI PRP43 fragment of pSL18, creating plasmid pMFX. This plasmid was transformed into E. coli strain SE1, and the resulting transformed strain was used to produce recombinant Prp43p(1-657) as described above for wild-type Prp43p.
Five Prp43p variants, that is three point mutants, namely R664A, K704A and R708A, and two variants combining amino-acid substitutions and deletions, namely Prp43pDL12 (combined K663A, R664G mutations and deletion of residues 665-668) and Prp43pDL45 (combined T702G, S703G mutations and K704 deletion) were generated commercially by GenScript Corporation (Piscataway, NJ) in the same vector as wild type (pSL18). All these Prp43p variants were produced as described above for wild-type Prp43p. ATPase assays, band retardation assays and protein-protein interaction assays were performed as described in Lebaron et al (2009) .
Crystallization and data collection
Both native and mutant proteins (6 mg/ml) crystallized at 181C by the hanging drop vapour diffusion method from a 1:1 mixture of protein, 1 mM ADP, 1 mM MgCl 2 and precipitant containing 8-11% PEG 4000, 100 mM ammonium acetate, 50 mM sodium cacodylate pH 6.5. Crystals were transferred in the mother liquor containing 30% glycerol before flash freezing in liquid nitrogen.
X-ray diffraction data from a native crystal and from a crystal of the mutant SeMet-substituted protein were collected on the Proxima 1 beamline at SOLEIL synchrotron (Gif-sur-Yvette, France) and were processed using MOSFLM (Leslie, 1992) and SCALA (Evans, 2006) , and the XDS package (Kabsch, 1993) , respectively. Both crystals belong to the P3221 space group with two molecules per asymmetric unit. The cell parameters and data collection statistics are reported in Table I .
Structure solution and refinement The structure was solved by SAD using 2.8 Å data collected at the Selenium peak wavelength. The Selenium sites were initially found with SHELXD (Schneider and Sheldrick, 2002) . The phases were determined in AUTOSHARP (Vonrhein et al, 2007) and improved with solvent flattening using SOLOMON (Abrahams and Leslie, 1996) . Automatic model building using RESOLVE (Terwilliger, 2004) and ARP/WARP (Perrakis, 1999) allowed to trace 90% of the visible residues. The model was manually completed using O (Jones and Kjeldgaard, 1991) and COOT (Emsley and Cowtan, 2004 ) and refined to 1.9 Å resolution using REFMAC (Murshudov et al, 1997) from the high-resolution native data set.
Refinement statistics are shown in Table I . Electron density was not visible for residues 1-2 and 750-767 and 6-histidine tag, probably due to structural disorder, and are therefore absent from the model. All the residues fall within the allowed regions of the Ramachandran plot as defined by MOLPROBITY (Lovell et al, 2003) . From the analysis of the electron density maps, the two ADP/Mg 2 þ ligands were unambiguously positioned. Two acetate ions, two nickel ions and two glycerol molecules could also be modelled in the structure. The coordinates have been deposited at the PDB under the accession number 2xau.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
